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The effects of the addition of quaternary element, Co, to polycrystalline NiMnGa alloys on their magnetic
and shape memory properties have been investigated. NiCoMnGa polycrystalline alloys have been found to
demonstrate good shape memory and superelasticity behavior under compression at temperatures greater
than 100 C with about 3% transformation strain and low-temperature hysteresis. It is also possible to
train the material to demonstrate a large two-way shape memory effect.
Keywords intermetallics, magnetic measurements, magnetically
ordered materials, martensitic transformations, metals
and alloys, shape memory
1. Introduction
In recent years, magnetic shape memory alloys (SMAs) are
being extensively studied as an alternative to the long-existing
magnetostrictives and piezoelectrics in actuator applications.
Not only do they possess the ability to display large reversible
strains (up to 10%) but also the ability to operate at much
higher frequencies (up to kHz range) in comparison with
conventional SMAs such as NiTi (Ref 1-4). Depending on the
alloying elements, austenite and martensite phases in NiMn-
based magnetic SMAs, either both or one, can display
ferromagnetism (Ref 5, 6).
In NiMnGa alloys, magnetic actuation occurs by variant
reorientation of ferromagnetic martensite phase (Ref 2).
Drawbacks of NiMnGa alloys are their brittleness, low
actuation stress (due to limited magnetic energy), limited
operation temperature, and high orientation dependence (Ref 2, 5).
Co addition to NiMnGa alloys provides an opportunity to
control the Curie temperatures of transforming phases where
ferromagnetic austenite can transform to paramagnetic-like
martensite (Ref 7, 8). Co addition also increases the ductility of
the alloy through the formation of ductile second phases
(Ref 9).
NiCoMnGa alloys can be classified as meta-magnetic SMAs
(like NiMnCoIn alloys) where magnetic field-induced phase
transformation may result in one order of higher actuation stress
than that of variant reorientation in NiMnGa alloys. Owing to
their brittleness and orientation dependence of Magnetocrsy-
talline anisotropy energy, mostly single crystalline NiMnGa
alloys can be utilized for practical applications. On the other
hand, meta-magnetic SMAs, e.g., NiMn(In,Sn,Sb) alloys, can
be utilized in polycrystalline form since Zeeman Energy does
not depend on orientation, and they have the ability to achieve
very high actuation stress levels via field-induced phase
transformations (Ref 5). However, they require high magnetic
fields (4 T and up) to realize reversible phase transformation
(Ref 5, 6). The critical field can be reduced by diminishing
thermal hysteresis or by increasing the difference between
saturation magnetizations of the transforming phases. Hyster-
esis is also a strong function of applied stress and should be
characterized before utilizing these materials as magnetic
actuators.
Although the effects of Co addition on the transformation
temperatures (TTs) and magnetic properties of NiCoMnGa are
reported, there have been limited studies on their conventional
shape memory behavior. This partly stems from the extreme
brittleness of NiMnGa alloys where there is very limited
mechanical testing data in its polycrystalline form (Ref 10). To
the authors knowledge, only the room temperature mechanical
behavior of NiCoMnGa alloys has been reported so far (Ref 9,
11). In order to determine their potential as meta-magnetic
SMAs, it is very important to know their conventional shape
memory behavior. Current study aims to investigate the effects
of Co addition to polycrystalline NiCoMnGa alloys on not only
their magnetic properties but also their shape memory proper-
ties under compression.
2. Experimental Procedure
Polycrystalline specimens with chemical compositions
Ni50xCoxMn32Ga18 (at.%) x = 0, 4, 6, 7, 8 were prepared by
conventional arc melting method in an argon atmosphere using
high-purity elements such as Ni (99.9%); Mn (99.99%);
Co (99.9%); and Ga (99.999%). Then, the arc melted buttons
were annealed at 850 C for 72 h under vacuum and slowly
cooled down to room temperature in the furnace. TTs are
determined by differential scanning calorimetry (DSC) (Perkin
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Elmer Pyris1), and magnetization properties are measured by
superconducting quantum interference device magnetometer
(SQUID) (Quantum Design, Inc.). The thermomechanical
experiments were conducted on 29 29 4 mm3 compression
samples by means of MTS Landmark servohydraulic test frame
retrofitted with a PID-controlled heating/cooling assembly.
Strain measurements were attained by mwans of a high-
temperature capacitive displacement sensor (Capacitec Inc.).
3. Results and Discussion
Figure 1 shows the magnetization response of Ni42-
Co8Mn32Ga18 alloy as a function of temperature. The sample
is cooled down to 5 K under zero magnetic field and 0.1 T is
applied, then it is heated up to 400 K and cooled down to 5 K
under 0.1 T. During heating, ferromagnetic martensite becomes
paramagnetic like greater than 300 K, and transforms to
ferromagnetic austenite greater than 380 K. Upon cooling,
ferromagnetic austenite transforms to paramagnetic martensite
initially, and then follows a magnetic transition where mar-
tensite becomes ferromagnetic. No thermal hysteresis is
observed during magnetic transition in martensite phase, while
the first-order austenite-to-martensite phase transformation is
associated with a thermal hysteresis of about 20 K. When the
sample is heated from 5 K to 400 K under 5 T, its magneti-
zation increases, and martensite-to-austenite TT decreases by
19 K compared to that under 0.1 T.
Shift of TTs to lower temperature with applied field is a
characteristic behavior observed in meta-magnetic SMAs and
termed as austenite stabilization (Ref 5). Reversible field-
induced phase transformation becomes possible if TTs decrease
to a level where the martensite finish temperature under zero
field is higher than the austenite finish temperature under
applied field. In general, thermal hysteresis does not change
considerably with applied field. Thus, the critical field for
reversible field-induced phase transformation decreases with
hysteresis. It has been found that (not shown in Fig. 1) Curie
temperatures of martensite, TCM, of Ni50xCoxMn32Ga18 alloys
decrease with increase in Co content from 315 K to 290 K for
x = 0 and x = 8, respectively.
When martensite is ferromagnetic, field-induced strain can
be obtained by variant reorientation, provided detwinning stress
is low and the magnetocrystalline anisotropy energy is high.
When the alloy is meta-magnetic, field-induced strain can be
obtained through phase transformation. Therefore, in NiCo-
MnGa alloys, while field-induced strain might be obtained
through variant reorientation at lower temperatures, it could be
realized by phase transformation at higher temperatures.
Figure 2 shows the DSC response of Ni50xCoxMn32Ga18
(x = 0, 4, 6, 7, 8) alloys. During cooling, the exothermic peak
corresponds to austenite-to-martensite transformation. Upon
heating, martensite transforms back to austenite. TTs are
determined to be greater than 100 C which makes them
qualify as high-temperature SMAs. TTs slightly increase with
Co addition up to 6% and then decrease. Peak thermal
hysteresis is about 20 C for all the alloys, and it is consistent
with magnetization results.
Figure 3(a) and (b) demonstrates the isobaric thermal
cycling responses of Ni50Ga18Mn32 (Co-free) and Ni44Co6
Mn32Ga18 (Co-doped) alloys, respectively, as a function of
applied stress. The samples were loaded to selected stress levels
(increased incrementally up to 200 MPa) greater than their
austenite finish temperature (Af) and thermally cycled between
a temperature less than martensite finish temperature (Mf) and a
temperature greater than Af. At the end of the cycle, applied
stress is increased to next level, and thermal cycling is repeated.
As temperature decreases, certain martensite variants grow
along the applied stress increasing the detected strain. Upon
heating, they transform back to austenite. It is clear that the
transformation occurs greater than 100 C which is in good
agreement with DSC results. Compressive strain increases
initially because of increased volume fraction of oriented
variants and then saturates with stress. Temperature hysteresis
shows a similar trend to the transformation strain. Temperature
hysteresis of Ni50Ga18Mn32 is determined to be 19 C under
50 MPa which is consistent with DSC and SQUID results.
Temperature hysteresis increases from 19 to 32 C as the
applied stress increases from 15 to 200 MPa. It should be kept
in mind that the higher the hysteresis, the higher the required
magnetic field for reversible transformation. The transformation
strains are 1.2 and 1.7% under 50 MPa and 2.4 and 2.9% under
Fig. 1 Magnetization response of Ni42Co8Ga18Mn32 alloy as a
function of temperature under 0.1 and 5 T fields
Fig. 2 A comparison of DSC results showing the effect of Co
doping on TTs of Ni50xCoxGa18Mn32 (x = 0, 4, 6, 7, 8) alloys
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200 MPa for the Ni50Ga18Mn32 and Ni44Co6Ga18Mn32 alloys,
respectively.
Irrecoverable strain increases with stress because of more
pronounced generation of defects and dislocations at higher
stress levels. The Co-free specimen showed full recovery up to
100 MPa; however, Co-doped specimens displayed a monot-
onously increasing trend in irrecoverable strain with increasing
applied stress starting at 50 MPa. The amount of plastic strain
of the Co-doped specimen increased from 0.35 to 0.8% when
applied stress is increased from 50 to 200 MPa. This tendency
might be due to the ductile gamma phase that occurs upon
Co addition which was reported to hamper reorientation or
detwinning of the martensite variants as well as promote defect
generation such as dislocations (Ref 12). Formation of second
phases might also be responsible for the change of the shape of
cooling curves as the transformation progresses. While the
Co-doped alloy demonstrates a smoother and more symmetrical
transition, the Co-free specimen displays a sharper curve
(almost like a corner) indicating a faster (burst-type) transition.
Smoother curve might be attributed to the increased elastic
energy stored in the material due to the interaction of phase
front with second phase or particles.
Figure 4 shows the superelastic behavior of Co-free and
Co-doped specimens greater than their Af. Upon loading,
austenite transforms to martensite and martensite transforms
back to austenite during unloading. Near-perfect superelasticity
is observed with a total strain of 3% at 170 and 180 C for
Co-free and 3.5% at 180 and 200 C for Co-doped samples. As
evidenced by the fact that at the end of loading, the level of
applied stress reaches a maximum of 290 MPa, this alloy
possesses fair strength for fracture.
Figure 5 shows the two-way shape memory effect
(TWSME) in Co-doped and Co-free alloys. The samples were
cooled down before (untrained) and after (trained) the tests
shown in Fig. 4 and 5 under 5 MPa. 5 MPa is applied to keep
the grips in contact with the specimen for strain measurements.
It is clear that after training, both alloys demonstrated more
than 3% transformation strain upon cooling, while it was about
0.2% before training. The high transformation strain upon
training indicates that internal stress fields to select certain
martensite variants upon transformation are formed upon
training. This is a very useful tool to observe strain during
field-induced phase transformations. Since martensite is non-
magnetic, there is no driving force for the selection of variants
during field-induced phase transformation. However, if the
material can be trained, then austenite will transform to
martensite with selected variants that will result in macroscopic
strain.
4. Conclusions
It has been found that NiCoMnGa alloys can be utilized
as both meta-magnetic and high-temperature SMAs in their
polycrystalline form. NiCoMnGa alloys demonstrate good
shape memory behavior under stress levels up to 200 MPa in
polycrystalline form and can also be classified as high-
temperature SMAs with perfect superelasticity greater than
150 C. They can also be trained easily to show good
TWSME that would result in high strain upon field-induced
transformations.
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